Abstract. The spin degree of freedom can play an essential role in determining the electrical transport properties of spin-polarized electron systems in metals or semiconductors. In this article, I address the dependence of spin-subsystem chemical potentials on accumulated spin-densities. I discuss both approaches which can be used to measure this fundamental thermodynamic quantity and the microscopic physics which determines its value in several different systems.
Introduction
The role of the electronic spin degree of freedom in theories of the electrical transport properties of paramagnetic metals is passive; usually it as appears only as an afterthought-a factor of two to account for spin degeneracy. All this changes profoundly in electronic systems with substantial spin-polarization, either spontaneous or induced, particularly so if the system is either electrically or magnetically inhomogeneous. Recently, interest in the role of the electronic spin has increased, in part because of the possibility of fabricating technologically useful magnetoresistive sensors and other devices based on spin-dependent transport effects, particularly giant magnetoresistance [1] and tunnel magnetoresistance [2] . Spintronics [3] , the study of spin-dependent electronic transport effects in systems containing metallic ferromagnets, is now a large and active area of basic and applied physics. In this article, I discuss the possibility of using transport experiments not to make devices, but instead to measure a fundamental thermodynamic property of a spin-polarized electron system, the dependence of spin subsystem chemical potentials on accumulated spin-densities. This quantity can be important in modeling some spin-dependent transport effects. I will discuss several examples where it also provides a new and useful test of our understanding of the microscopic physics of a spin-polarized itinerant electron system.
In Section 2, I derive a formally exact expression for the dependence of chemical potentials on subsystem densities by defining a spin-dependent thermodynamic-density-of-states matrix. For bulk three-dimensional charged particle systems, the total density is fixed by electroneutrality requirements. In this case only the dependence of up and down spin chemical potentials on the difference between up and down spin densities is of interest. I show that these two quantities can be expressed in terms of the differential magnetic susceptibility, and a less familiar quantity, the derivative of chemical potential with respect to external field. The focus of the article is this latter quantity, which I will refer to as the inverse magnetic compressibility . In Section 3, I discuss two spintronics experiments which can be exploited to measure its value in particular systems. In Section 4, I discuss the microscopic physics which determines its value in three distinct spin-polarized electron systems. Section 5 contains a brief summary.
Thermodynamic Density-of-States Matrix
Non-equilibrium spin accumulation [4, 5] due to electronic transport occurs generically in inhomogeneous spin-polarized electron systems and is a ubiquitous feature of spintronics. Any theory of spin accumulation requires, explicitly or implicitly, a model for the relationship between the up and down spin densities and their chemical potentials. Linearizing around the equilibrium state, we can write
( 1) where µ σ is the spin-σ chemical potential and n σ is the density of spin-σ electrons. In these equations, I treat n ↑ and n ↓ as separate thermodynamic variables, something which is useful in discussing spin-accumulation since the processes which establish equilibrium between spin-↑ and spin-↓ subsystems are often slow. The spin-quantization axis has been chosen to lie along the direction of net spin-polarization [6] . It is normally convenient to measure the local chemical potential of a charged particle system from the local electrostatic potential and this common convention is implicit throughout these notes. Accordingly
with the free-energy per volume, F/V , calculated excluding any electrostatic contributions. The matrix of coefficients in Eq. (1) is accordingly given by the matrix of second derivatives of F/V with respect to n σ , with the electrostatic term (which would diverge because of the long-range of the electron-electron interaction) neglected. (Note that F ↑,↓ = F ↓,↑ .) To make contact with familiar descriptions of spin accumulation, I have introduced the band-theory spin-dependent density-of-states per volume, D σ . If contributions due to correlation effects were neglected, the relationship between chemical potentials and densities would be diagonal in spin indices and only the density-of-states terms would appear on the right-hand-side of Eq. (1). The density-of-states contribution to the spin-σ chemical potential change is simply the result of changing the filling of the spin-σ energy band. I will refer to the additional
